V
iruses are obligate intracellular parasites and as such interact extensively with pathways in the infected host. For example, DNA viruses such as polyomaviruses, adenoviruses, and herpesviruses express viral microRNAs (miRNAs) and use the miRNA regulatory pathway to regulate both host and viral RNAs (1) (2) (3) . Roles for viral miRNAs include modulation of the immune system and regulation of virus latency (3) . Although RNA viruses do not encode miRNAs, they interact extensively with cellular miRNAs (2) . Knowledge of virus-miRNA interactions may represent novel antiviral targets.
In a unique interaction between a miRNA and an RNA virus, the liver-specific miRNA, miR-122, promotes accumulation of hepatitis C virus (HCV) genomic RNA in infected cells (4) . miR-122 slightly stimulates HCV mRNA translation (5) but mostly stabilizes the HCV RNA genome (6) (7) (8) . This is an unusual role for a miRNA since they typically repress translation and destabilize target mRNAs. The precise mechanism by which miR-122 augments HCV RNA accumulation has not been confirmed, but it requires the host miRNA pathway protein Argonaute 2 (Ago2) and direct binding between miR-122 at two adjacent binding sites located near the 5= terminus of the HCV genome (8) (9) (10) (11) . Recent evidence suggests that miR-122 may have an additional role, independent from HCV genome stabilization, proposed to affect viral replication (6) . However, data suggests that miR-122 is not essential for replication, at least for HCV subgenomic replicon RNA (12) , and does not alter the rate, or the elongation phase, of RNA synthesis by the viral RNA-dependent RNA polymerase (13, 14) ; thus, a role for miR-122 during viral RNA replication remains to be confirmed.
The mechanism of action of miR-122 requires a unique binding interaction between miR-122 and the HCV genome (7) . Unlike translational repression by miR-122, which requires annealing of the miRNA "seed" binding to the target mRNA, augmentation of HCV RNA accumulation requires annealing of the seed sequence and nucleotides 3= of the seed region with the 5= terminus of the HCV genome. This interaction creates a 3= overhang that likely masks the noncapped 5= terminus of the HCV genome from host RNA degradation enzymes (7) .
GB virus B (GBV-B) is a hepatotropic virus and a close relative of HCV. GBV-B was first isolated from tamarins injected with serum from a human who had contracted hepatitis (15) . However, the origin of the virus is unknown since it cannot be resolved whether a virus present in the human serum, or endogenous to the tamarins, initiated the infection (16) . GBV-B replicates efficiently in tamarins and causes a self-limiting hepatic infection lasting approximately 4 months. However, GBV-B infections in marmosets generate lower virus titers and occasionally induce chronic liver infections (15, 17) . Since HCV can only infect humans and chimpanzees, GBV-B has been suggested as a possible surrogate model for chronic HCV infection.
Based on the liver tropism and close relationship to HCV, we hypothesized that GBV-B may also rely on an interaction with miR-122. Examination of the GBV-B 5= untranslated region (5= UTR) sequence revealed two potential sequence elements that could base pair with the seed sequences in miR-122 (Fig. 1A) . By using a GBV-B subgenomic replicon carrying a luciferase reporter gene, we have confirmed that, like HCV, miR-122 augments GBV-B replication levels through direct interactions with two putative miR-122 seed sequence sites, and with the 5= terminus of the genome. However, De Tomassi et al. isolated a GBV-B mutant that lacks both miR-122 binding sites and can replicate as efficiently as wild-type replicon RNA (18) . We have demonstrated that the mutant genome grows independently of miR-122 and the miRNA machinery, because mutant replicon RNA abundance is completely insensitive to miR-122 supplementation, miR-122 sequestration, and Ago2 depletion. These data suggest that GBV-B uses miR-122 to support efficient viral RNA accumulation in a manner similar to that of HCV but indicates that miR-122-independent RNA accumulation is possible when the miR-122 sites are removed. These results indicate that GBV-B is a possible surrogate model to assess HCV antiviral strategies that target miR-122 and that GBV-B can be used to study the mechanism of miR-122 augmentation of viral RNA accumulation.
MATERIALS AND METHODS
Cell culture. Huh-7.5.1 cells were kindly provided by Francis V. Chisari. Huh-7.5.1 cells were cultured in Dulbecco modified Eagle medium supplemented with 10% fetal bovine serum, 1% nonessential amino acids, and 200 M L-glutamate (Gibco).
Plasmid and mutagenesis. The GBV-B neo-RepB and GBV-B neoRepB ⌬4-29 replicon constructs were obtained from Cinzia Traboni and were described previously (18) . To create the GBV-B luc-RepB replicon plasmid, neo was removed and replaced with luciferase by digestion with AscI and PmeI. The luciferase sequence was transferred from pHCVrep AB12 (19) after the internal SapI site was removed, but the luciferase coding sequence was retained, by using a QuikChange site-directed mutagenesis protocol (Stratagene, La Jolla, CA) and the mutagenic primers luc mut SapI s (5=-ATT TGA AGA AGA ACT GTT TTT A-3=) and luc mut SapI as (5=-TCG TAA AAA CAG TTC TTC TTC A-3=). A GBV-B nonreplicative mutant replicon, luc-RepB GNN, was created by mutating the GDD active site of the viral polymerase, NS5B, to GNN by using the primers GNN mut s (5=-CTT ATT TGC GGC AAT AAT TGC ACC GTA ATT-3=) and GNN mut as (5=-AAT TAC GGT GCA ATT ATT GCC GCA AAT AAG-3=).
To create GBV-B site 1 (A12) and GBV-B site 2 (A27) luc-repB plasmids, the forward primers S1:p4 (5=-ACG GAT CCG GTA ATA CGA CTC ACT ATA GAC CAC AAA CAC ACC AGT TTG-3=) and S2:p4 (5=-ACG GAT CCG GTA ATA CGA CTC ACT ATA GAC CAC AAA CAC TCC AGT TTG TTA CAC ACC GCT AGG-3=) were used, along with the reverse primer AscI-REV (5=-ATG GCG CGC CCT GTT TGA GTA GAA ATA-3=). PCRs were performed using Taq DNA polymerase under the following conditions: (i) 95°C for 3 min; (ii) 95°C for 1 min, 59°C for 1 min, and 72°C min for 30 cycles; (iii) 72°C for 7 min; and, finally, (iv) 4°C for an indefinite period of time. Products were digested and inserted into the parent vector at BamHI and AscI restriction sites. G2G3 site 1 (A12) and GBV-B G2G3 site 2 (A27) GBV-B luc-repB plasmids were created from the site 1 (A12) and site 2 (A27) GBV-B plasmids using the forward primer G2G3 (5=-ACG GAT CCG GTA ATA CGA CTC ACT CAC TAT CAC TAT AGA GGA CAA ACA C-3=) with the AscI-REV primer and inserted into the parent vector as described above.
miRNAs, small interfering RNA (siRNAs), and locked nucleic acids (LNAs). All miRNAs were synthesized by the Stanford Protein and Nucleic Acid facility. The sequences of the miRNAs were as follows: wild-type miR-122 (WT-122), 5=-UGG AGU GUG ACA AUG GUG UUU GU-3=; negative control, p2-8-122, 5=-UAA UCA CAG ACA AUG GUG UUU GU-3=; p4-122, 5=-UGG UGU GUG ACA AUG GUG UUU GU-3=; and p4,15,16-122, 5=-UGG UGU GUG ACA AUC CUG UUU GU-3=. Guide strands p2-8-122 and p4,15,16-122 were annealed to the corresponding mutant passenger (*) strands (p2-8 -122*, 5=-AAA CGC CAU UAU CUG UGA GGA UA-3=; p4,15,16 -122*, 5=-AAA CGG GAU UAU CAC ACU AAA UA-3=) to maintain base-pairing interactions of the duplex. All other guide strands were duplexed with the wild-type passenger strand (WT-122*, 5=-AAA CGC CAU UAU CAC ACU AAA UA-3=).
The antisense LNA oligonucleotide to miR-122 (SPC3649, 5=-CcAttG TcaCaCtCC-3=) was kindly provided by Santaris Pharma a/s. Capital letters in this sequence indicate LNAs, and this oligonucleotide has a complete phosphorothioate backbone. The antisense LNA oligonucleotide to miR-106b/93 5=-TgCaCkGwCaGcAcT-3= was synthesized by Exiqon. A "K" (keto) indicates an G or T base, and a "W" (weak) indicates and an A or T base; capital letters indicate LNAs. For gene knockdown, the siRNA siAgo2 target sequence 5=-CAG ACU CCC GUG UGU CCU ATT-3= and the siControl target sequence 5=-GAG AGU CAG UCA GCU AAU CAC TT-3= (11) were synthesized by Dharmacon.
Replicon RNA transcription and transfection. The GBV-B replicon RNA was synthesized with T7 MEGAScript kit (Ambion) according to the manufacturer's instructions after linearizing plasmids with SapI. After treatment with Turbo DNase to remove template DNA and lithium chloride precipitation, the RNA was resuspended in sterile RNase-free water and introduced into Huh-7.5.1 cells by electroporation. Briefly, 10 g of GBV-B RNA was mixed with 4 ϫ 10 6 Huh-7.5.1 cells suspended in 400 l of Cytomix (10 mM KH 2 PO 4 , 120 mM KCl, 0.15 mM CaCl 2 , 25 mM HEPES, 2 mM EDTA, 5 mM MgCl 2 [pH 7.6]) in 0.4-cm-gap-width electroporation cuvettes (Bio-Rad). Electroporation consisted of a single pulse of current delivered by the Gene Pulser II electroporation device (Bio-Rad), set at 270 V, 950 F, and ϱ resistance. After 10 min at room temperature, electroporated cells were resuspended in 9 ml of medium, and 1 ml was plated/six-well dish for downstream luciferase assays.
For microRNA or antisense LNA assays, 20 l of 20 M microRNA duplexes or 2 l of 50 M antisense LNAs were co-electroporated along with GBV-B replicon RNA. At 2 days after electroporation, another 20 l of 20 M miRNAs were introduced by transfection using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. Cells were harvested at 1 h, and 1 to 5 days posttransfection for downstream analysis.
For siRNA knockdown experiments, 4 l of 20 M siRNA duplex was electroporated into cells. The electroporated cells were grown in culture for 3 days to establish gene knockdown, and then re-electroporated with GBV-B RNA and siRNA. Cells were harvested at 1 h and 1 to 5 days after a second electroporation for downstream analysis.
Luciferase assays. For luciferase assays, each well was lysed with 200 l of 1ϫ cell culture lysis buffer, and 25 l of sample was used, along with 50 l of Firefly luciferase reagent (Promega). Luciferase assays were carried out on a Monolight 2010 luminometer with an integration time of 10 s. The data shown are of three independent experiments carried out simultaneously. However, each experiment was also carried out in at least two other independent replicates at other times. While the overall trends were the same, the absolute luciferase expression differed between experiments done at different times, most likely due to differences in the cell preparation from 1 day to another. Thus, our data are representative of at least six different technical replicates of each experiment.
Total RNA isolation and Northern blot analysis. Total cellular RNA was isolated by using TRIzol reagent (Life Technologies) and the recommended protocol. For Northern blot analysis, 10 g of total RNA were separated in 1% agarose gels containing 1ϫ 3-(N-morpholino)propanesulfonic acid (MOPS) buffer and 2.2 M formaldehyde and transferred to Zeta-Probe membranes (Bio-Rad). Membranes were hybridized in UltraHyb hybridization buffer (Clontech) to random-primed 32 P-labeled DNA probes (RadPrime DNA labeling system; Invitrogen) complementary to GBV-B (nucleotides 1 to 472) or ␥-actin (nucleotides 685 to 1171). Autoradiographs were quantitated by using ImageQuant (GE Healthcare).
Argonaute qRT-PCR. Small RNA knockdown of Ago2 was confirmed by quantitative reverse transcription-PCR (qRT-PCR) using the Applied Biosystems Ago2 gene expression assay Hs00293044_m1 at 72 h after knockdown, as described previously (11) .
RESULTS

GBV-B replicon RNA abundance is modulated by miR-122.
Upon inspection of the GBV-B genome, we observed that the GBV-B 5= UTR contained two potential seed match sequences to miR-122 (Fig. 1A) . To test whether miR-122 affects GBV-B RNA accumulation, we created a GBV-B subgenomic replicon containing the GBV-B 5= UTR, including the GBV-B internal ribosomal entry site (IRES) and a luciferase reporter, followed by the nonstructural genes (NS3-5B) and the 3= UTR of GBV-B (Fig. 1B) . Although full-length GBV-B can infect and replicate in primary tamarin and marmoset hepatocytes (20) (21) (22) , it does not replicate in cultured liver cell lines (23) . However, cells harboring stable GBV-B subgenomic replicon RNAs expressing a neomycin gene can be selected from transfected Huh-7 cell lines (18, 24) . Using GBV-B subgenomic replicon RNA carrying a luciferase gene, we found that Huh-7.5.1 cells (compared to Huh-7 and Huh-7.5 cells) had the greatest capacity to support transient GBV-B replication (data not shown) (25) . Indeed, transfected wild-type GBV-B subgenomic replicons accumulated in Huh-7.5.1 cells, whereas a mutated GBV-B subgenomic replicon, where the viral polymerase active site (GDD) contained an inactivating mutation (GNN), expressed from 10-to 24-fold less luciferase (Fig. 1C) . In addition, MK0608, an HCV RNA-dependent RNA polymerase inhibitor, decreased luciferase expression from wild-type GBV-B subgenomic replicons to levels similar to that of GNN controls (data not shown). Therefore, transient replication of the GBV-B luciferase-subgenomic replicon system can be used to study the requirements for GBV-B replication in Huh-7.5.1 cells.
To examine whether GBV-B subgenomic replicon abundance is modulated by miR-122, miR-122 was either overexpressed or sequestered in Huh-7.5.1 cells (Fig. 1D and E) . Exogenous addition of wild-type miR-122 mimetics (WT-122) resulted in an ϳ3.4-fold increase in GBV-B accumulation compared to the exogenous addition of a control microRNA, p2-8 -122, in which the entire seed region of miR-122 (nucleotides 2 to 8) is mutated (7) (Fig. 1D ). This suggests that miR-122 abundance influences GBV-B accumulation in Huh-7.5.1 cells and that miR-122 is limiting for GBV-B subgenomic replicon RNA in Huh-7.5.1 cells. In contrast, sequestration of miR-122 by an antisense LNA resulted in loss of GBV-B RNA abundance in Huh-7.5.1 cells (Fig. 1E ), compared to treatment with a control LNA, that sequesters an unrelated microRNA, miR-106b/93. The loss of GBV-B subgenomic replicon abundance after miR-122 sequestration mirrored subgenomic replicon abundance in replicons containing the inactivating GNN mutations in the RNA-dependent RNA polymerase (Fig. 1E) . GBV-B subgenomic replicon RNA was only detectable by Northern blotting under conditions whereby replicon RNA accumulation was boosted by the exogenous addition of WT-122 (Fig. 1F) , suggesting that GBV-B replicon RNA accumulation is just below the limit of detection for Northern blot analyses in Huh-7.5.1 cells and that miR-122 augments GBV-B RNA accumulation. These data suggest that GBV-B subgenomic replicon accumulation is dependent on the abundance of miR-122 in Huh-7.5.1 cells.
The GBV-B 5= UTR contains two functional miR-122 binding sites. GBV-B contains two adjacent potential miR-122 seed sequences in its 5= UTR (Fig. 2A) . To examine whether the sites are functional miR-122 sites, we introduced mutations in the seed sequences of the potential miR-122 sites, whereby the uridine residues at nucleotides 12 or 27 of GBV-B subgenomic replicons were mutated to adenosines (Fig. 2) . A synthetic miR-122 in which the adenosine at nucleotide position 4 (p4) is mutated to a uridine (p4-122) is predicted to interact with the GBV-B site 1 (A12) or site 2 (A27) mutants (p4-122, Fig. 2A to D) . The miR-122 molecules bound to site 1 or site 2 can be examined independently if both sites need to be occupied by a miR-122 having complementary seed sequences, and endogenous wild-type miR-122 can function at the wild-type (nonmutated) site in the presence of transfected mutant p4-122 duplexes.
When site 1 (A12) mutant GBV-B replicon RNA was introduced into Huh-7.5.1 cells, it was only able to accumulate in the presence of synthetic miR-122 containing a compensatory mutation (p4-122, Fig. 2B ). In the presence of the negative control, p2-8 -122, site 1 (A12) GBV-B RNA was unable to accumulate and displayed a similar luciferase profile to GBV-B subgenomic replicons containing inactivating GNN mutations (Fig. 2B) . There was consistently a 4.8-to 10.9-fold increase in abundance in p4-122 transfected cells compared to p2-8 -122 transfected cells at 4 days after electroporation. Similarly, when site 2 (A27) GBV-B RNA (Fig. 2C) was introduced into Huh-7.5.1 cells, it was only able to accumulate in the presence of miR-122 molecules containing a compensatory mutation (p4-122, Fig. 2D ). There was consistently a 2.0-to 2.5-fold increase in abundance in p4-122 transfected cells compared to p2-8 -122 transfected cells at 4 days after electroporation. Interestingly, rescue of neither site 1 (A12) nor site 2 (A27) GBV-B RNA was able to reach wild-type levels of GBV-B RNA accumulation. This is similar to what is seen in rescue with HCV miR-122 site mutants (7, 11) and may be due to decreased availability of Argonaute-loaded p4-122 mimetics compared to endogenous wild-type miR-122 or to decreased replication capacity of viral RNA having point mutations. These results suggest that both site 1 and site 2 in the GBV-B 5= UTR are functional miR-122-binding sites. Both sites are required for GBV-B subgenomic replicon accumulation since mutation of either site independently resulted in a failure to accumulate in Huh-7.5.1 cells in the ab- sence of exogenously introduced compensatory miR-122 molecules (Fig. 2) .
Site 1-bound, but not site 2-bound miR-122 interacts with the 5= terminus of the GBV-B genome.
To analyze the requirement for miR-122 annealing to sites outside of the canonical miRNA seed sequence, we analyzed accumulation of GBV-B replicon RNAs having point mutations to nucleotides near the 5= terminus of the genome (Fig. 3) . The rationale of this experiment was based on the similarity of the GBV-B 5= terminus to that of HCV and the model for miR-122 binding beyond base pairing of seed sequences in the interaction of HCV with miR-122 (7) (Fig. 4A) . The site 1-bound miR-122 molecule interacts with the 5= terminus of the HCV genome and is thought to confer protection of the 5= terminus from recognition by exonucleases or cellular sensors of RNA (7) . Like in HCV, GBV-B contains cytosine nucleotides at positions 2 and 3 at the 5= terminus that could potentially form additional interactions with miR-122 at sites 15 and 16. Thus, nucleotides 2 and 3 of the GBV-B genome were changed to guanosine residues (G2G3) in combination with mutations at site 1 (A12) or site 2 (A27) (Fig. 3A and C) to monitor affects of miR-122 molecules binding to site 1 or site 2 individually.
Transfected G2G3 site 1 (A12) GBV-B subgenomic replicons failed to accumulate in the presence of p4-122 (Fig. 3B) . However, in the presence of miR-122 molecules containing a compensatory mutation at nucleotides 15 and 16 (p4,15,16-122), which could potentially bind to nucleotides 2 and 3 of the 5= terminus, G2G3 site 1 (A12) GBV-B subgenomic replicons were able to accumulate (Fig. 3B ). In particular, there was consistently a 2.6-to 4.8-fold increase in the abundance in p4,15,16-122-transfected cells compared to p4-122-transfected cells at 4 days after electroporation (Fig. 3B) . In further support of the importance of miR-122 nucleotides 15 and 16 for site 1-bound miR-122, p4-122 but not p2-8 -122 nor p4,15,16-122 was able to rescue site 1 (A12) GBV-B subgenomic replicons (Fig. 2B) . Consistent with a model whereby nucleotides 15 and 16 of site 1-bound miR-122 interact with nucleotides 2 and 3 of the GBV-B genome (Fig. 4B) . In contrast, neither exogenous introduction of p4-122 or p4,15,16-122 was able to rescue accumulation of G2G3 site 2 (A27) GBV-B subgenomic replicons at any time point (Fig. 3D) . Moreover, miR-122 molecules with mutations at nucleotides 15 and 16 (p4,15,16-122) were able to rescue site 2 (A27) GBV-B replicon RNA accumulation (Fig. 2D) , further suggesting that nucleotides 15 and 16 of site 2-bound miR-122 are dispensable for GBV-B replicon RNA accumulation. These results suggest a model for GBV-B:miR-122 interactions in which site 1-bound miR-122 interacts with the 5= terminus of GBV-B (Fig. 4B) . Curiously, the same six-nucleotide loop sequences are predicted to form in site 1-bound GBV-B: miR-122 and site 1-bound HCV:miR-122 complexes (Fig. 4) . The GBV-B replicon deletion mutant, ⌬4-29, is not modulated by miR-122. Results, thus far, have demonstrated that GBV-B has two functional miR-122 sites that are required for GBV-B accumulation in Huh-7.5.1 cells. Therefore, we were intrigued by the selection of a deletion mutant identified by De Tomassi et al. (18) that was able to accumulate in Hep3B cells, a cell line that does not contain sufficient levels of miR-122 to support HCV replication (12, 26) . The Hep3B-adapted GBV-B mutant contains a deletion that spans nucleotides 4 to 29 of the GBV-B genome, thus removing both miR-122 seed sequences (Fig. 5A) . Interestingly, this deletion was demonstrated to have no significant effect on GBV-B translation but allowed for approximately 2-and 6-fold increases in subgenomic replicon RNA accumulation over wild-type replicons in Huh-7 and Hep3B cells, respectively (18) . To test the miR-122 dependence on accumulation of the deletion mutant, a luciferase subgenomic replicon was generated that harbored this deletion, termed ⌬4-29 GBV-B luc (Fig.  5A) . After transfection of ⌬4-29 into Huh-7.5.1 cells, RNA accumulated to similar levels as wild-type GBV-B, particularly after 4 days of culture (Fig. 5B) . Because ⌬4-29 does not contain miR-122 seed sequences, we next tested whether ⌬4-29 RNA accumulation was dependent on miR-122 abundance. Interestingly, ⌬4-29 RNA accumulation was neither affected by exogenous overexpression of miR-122 (Fig. 5C ) or by sequestration of miR-122 using antisense LNAs (Fig. 5D) . Thus, ⌬4-29 represents a mutant that is able to overcome the requirement for miR-122 in accumulation of GBV-B subgenomic replicons in cell culture.
Wild-type GBV-B, but not ⌬4-29, RNA abundance is regulated by the Ago2 protein. miRNAs are typically delivered to their target mRNAs by an Argonaute (Ago) protein (27) . A dependence on Ago2 for formation of HCV:miR-122 interactions has been recently demonstrated (11) . Therefore, we tested whether GBV-B was also dependent on Ago2. Small RNA interference was used to deplete Ago2 levels in Huh-7.5.1 cells (Fig. 6 ). Wild-type GBV-B subgenomic replicon RNA abundance was diminished ϳ5-fold after depletion of Ago2, compared to control siRNA depletion (siCtrl) (Fig. 6A) . Exogenous expression of wild-type miR-122 enhanced GBV-B replicon RNA abundance at least 10-fold in control siRNA-treated cells compared to Ago2-siRNA-treated cells (Fig. 6B) . In contrast, the deletion mutant, ⌬4-29, was insensitive to Ago2 depletion (Fig. 6C) . In all cases, Ago2 mRNA abundances were depleted by Ͼ50% in Huh-7.5.1 cells (Fig. 6D) . These results suggest that Ago2 is required for wild-type GBV-B subgenomic replicon accumulation in Huh-7.5.1 cells. As demonstrated by the deletion mutant, ⌬4-29, the absence of miR-122 sites in the 5= UTR abolishes the requirement for Ago2, suggesting that Ago2's effects are mediated through miR-122.
DISCUSSION
GBV-B is a hepatotropic virus classified within the Flaviviridae family, within the Hepacivirus genus, and is closely related to HCV with ca. 28% amino acid identity (28, 29) . We hypothesized that GBV-B might also display a dependence on the liver-specific miRNA, miR-122, for viral RNA accumulation.
To test this hypothesis, we developed a luciferase reporter expression assay based on transient GBV-B replication. Several years ago, a stable replication system was established for GBV-B subgenomic replicons expressing a neomycin resistance gene (neo), through G418 drug selection in cultured Huh-7 cells (24) . To establish a transient replication assay for GBV-B, we modified the GBV-B subgenomic replicon RNA to express a firefly luciferase reporter gene instead of a neomycin resistance gene (Fig. 1B) . By assaying luciferase expression at various time points after electroporation of replicon RNA into Huh-7.5.1 cells, we observed 10-to 24-fold-higher luciferase expression from wild-type GBV-B replicons than from nonreplicative (GNN) replicons thus confirming GBV-B subgenomic RNA replication (Fig. 1C) . In addition, treatment of wild-type GBV-B subgenomic replicons with MK0608, an HCV RNA-dependent RNA polymerase inhibitor caused similar decreases in luciferase expression to that of GNN controls (data now shown). The levels of luciferase expression by GBV-B replicons were lower than that observed using similar subgenomic replicons based on the efficiently replicating HCV JFH-1 virus strain (12) but were comparable in level and dynamics to those observed using first-generation HCV replicons based on the HCV Con1 strain (30) . In addition, as for HCV, GBV-B replication efficiency (based on luciferase expression) was enhanced in Huh-7.5.1 cells compared to Huh-7 (data not shown). This was not surprising since Huh 7.5.1 cells are known to have defects in the RIG-I sig- naling pathway (25, 31) , an arm of the innate immune response responsible for recognition of viral RNA. This pathway is known to limit replication of several viruses, including GBV-B, and is impeded by major proteases of HCV (32) (33) (34) (35) and GBV-B (36) . Using the GBV-B transient replication system, it was found that GBV-B accumulation correlated with miR-122 abundance in the Huh-7.5.1 cells. Exogenous overexpression of miR-122 caused a 3.4-fold increase in GBV-B accumulation and miR-122 sequestration, using an antisense LNA, diminished GBV-B subgenomic replicon accumulation to levels similar to that of nonreplicating control (GNN) subgenomic replicons.
Sequence analysis and experimental evidence argued that GBV-B has two functional miR-122 sites in its 5= UTR. Upon comparison to the 5= UTR of HCV (see Fig. 4 ), we noted that the sequences between the two miR-122 sites had the same spacing, a distance that has been demonstrated to provide miRNAs in close proximity to cooperatively regulate gene expression (37) . Our data also indicated that, as in HCV, interaction of miR-122 with site 1 creates a 3= overhang (7) . We noted that the 5= terminus of the GBV-B genome is similar to that found in HCV, where nucleotides 1 to 4 could functionally pair with nucleotides 13 to 17 of miR-122. Specifically, GBV-B RNA accumulation was only observed when site 1-bound miR-122 was able to interact with the 5= terminus of GBV-B at nucleotides 2 and 3. This result suggests that, like HCV, site 1-bound miR-122 interacts with the 5= terminus of GBV-B creating a 3= overhang that may protect the viral genome from nucleases or cellular sensor of RNA and is likely to play a similar role in GBV-B as in HCV (see models, Fig. 4) . This is further supported by the requirement for nucleotides 15 and 16 of miR-122 for rescue of site 1 (A12) GBV-B accumulation (Fig. 2B) . In contrast to HCV, site 2-bound miR-122 does not appear to have requirements for nucleotides 15 and 16, because a site 2 (A27) GBV-B mutant was able to accumulate to similar RNA abundance in the presence of p4-122 or p4,15,16-122 (Fig. 2D) . Examination of the GBV-B 5= UTR sequence flanking site 2, indicates that GBV-B lacks nucleotides complementary to nucleotides 13 to 17. However, nucleotide complementarities suggest that site 2-bound miR-122 may have an extended seed sequence, although this has not been tested directly (see model, Fig. 4B ). Further characterization will be required to determine which of the other residues of site 1-or site 2-bound miR-122 molecules are important for GBV-B RNA accumulation. These residues may form additional interactions with the GBV-B genome, with cellular RNAs, or may form interactions with host or viral proteins to mediate their effects on viral RNA accumulation.
We have demonstrated that GBV-B has two functional miR-122 sites that are required for GBV-B subgenomic replicon accumulation in Huh-7.5.1 cells. However, our data cannot distinguish whether miR-122 binding to the GBV-B 5= UTR enhances GBV-B RNA stability, promotes more efficient replication, or perhaps does both. In a recent publication, miR-122 was found to be required to stabilize the HCV 5= UTR from degradation by host exoribonuclease Xrn-1 (6). However, their data also showed that knockdown of Xrn-1 can increase genome stability but cannot restore genome replication in the absence of miR-122, suggesting that genome stabilization was likely not the sole role for miR-122 in the HCV life cycle. The authors speculated that miR-122 might also play an essential role during the process of HCV replication.
We were therefore intrigued by the selection several years ago of a replication competent GBV-B mutant, ⌬4-29 (18) , that had a deletion that encompasses both functional miR-122 sites. De Tomassi et al. introduced GBV-B subgenomic replicons into various human liver-derived cell lines and selected clones able to replicate in those lines (18) . Upon sequencing of selected clones, they detected a mutant, ⌬4-29, which had a deletion from nucleotides 4 to 29 that was adapted for growth in Hep3B cells, a cell line we now know expresses undetectable levels of miR-122, but can support HCV replication if miR-122 is provided exogenously (12, 26) . The deletion mutant did not differ from wild-type GBV-B subgenomic replicons in viral translation but was able to accumulate approximately 2-to 6-fold higher RNA levels in Huh-7 and Hep3B cells, respectively (18) . To investigate dependence on miR-122, we assembled a luciferase-containing ⌬4-29 GBV-B subgenomic replicon RNA and found that it amplified without a requirement for miR-122 and accumulated to similar levels as wild-type replicon RNA in Huh-7.5.1 cells. However, ⌬4-29 GBV-B RNA accumulation had different kinetics. Luciferase expression levels were higher than wild-type levels between 1 h and 1 day after electroporation, but during subsequent days were similar to that of the wild type GBV-B (Fig. 5B) . We speculate that miR-122-independent replication of ⌬4-29 may be due to evolution of a miR-122-independent mechanism to protect the 5= end from degradation. Protection of the 5= end may be mediated by structural modifications induced by the deletion, or perhaps by its proximity to RNAbinding proteins that associate with the GBV-B IRES. Alternatively, deletion of ⌬4-29 may abolish the association of an inhibitory factor. We believe it unlikely that miR-122-independent replication of ⌬4-29 GBV-B is related to the defective RIG-I status of Huh 7.5.1 cells since ⌬4-29 GBV-B can replicate as efficiently or better than wild-type GBV-B in Hep3B cells (18) (data not shown), which have been demonstrated to have an intact RIG-I pathway (26) . Overall, these results suggest that a deletion of nucleotides 4 to 29 is somehow able to overcome the requirement for miR-122 in accumulation of GBV-B subgenomic RNA.
The ability of GBV-B to overcome the requirement for miR-122 is remarkable because sequestration of miR-122 in HCV-infected chimpanzees using an antisense LNA showed no emergence of resistant virus by deep sequencing (38) . Although it would be interesting to analyze genome replication and virion assembly of full-length GBV-B genomes having the ⌬4-29 mutation, these experiments were not feasible in the present study since full-length GBV-B replication can only be analyzed in primary tamarin hepatocytes in vitro (where it replicates poorly and does not make viral particles) and in tamarins and marmosets in vivo (20, 21, 23, 39) . However, we do not think that our data indicate that HCV could easily evolve mechanisms to overcome the requirement for miR-122. Based on previous predictions, nucleotides in the miR-122 seed match sequences of HCV form a stem structure in the negative-strand intermediate that is important for replication (40) . Hence, HCV may not be able to tolerate deletion of the miR-122 binding sites in its 5= UTR. Interestingly, the deletion of nucleotides 4 to 29 of GBV-B has a minimal effect on the predicted secondary structure of the remaining GBV-B negative strand 3= UTR (data not shown).
Finally, the requirement for the Ago2 protein in GBV-B subgenomic replicon accumulation was investigated. Similar to the mechanism of miRNA-directed translational suppression, the mechanism of miR-122-mediated augmentation of viral RNA accumulation requires Ago2, which based on the model for miR-122 augmentation of HCV is likely targeted to the GBV-B 5= UTR (8, 
